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 SPLITTING ANY KIND OF WATER WITH 
GLOBAL-SCALE, EARTH-ABUNDANT, LIGHT, 
RECYCLABLE METALS TO MAKE 
HYDROGEN, HEAT AND  
POTABLE WATER ON-DEMAND  
Why there is not a global-scale hydrogen energy economy  
• Low volumetric energy density – high pressure 
• Low temperature liquid storage expensive 
• Hydrogen gas transport dangerous and expensive 
 
 
Solution: use a safe, cheap, abundant high energy 
density material for storage, transport and recycling 
that can react with water to make hydrogen on-demand   
Is there such a material? Yes!  It’s ALUMINUM! 
Furthermore, all future global-scale energy economies 
will have to have three features: 
• Recyclable without loss 
• Safe storage 
• Safe transport  
Aluminum has the highest volumetric  
energy density of anything on the chart  
and a higher mass energy density than  
ethanol, methanol or bituminous coal! 
Outline: 
• Energy density and technology sustainability  
• Brief history and technology overview 
• Structure and reaction kinetics 
  
• Example applications 
 




energy density and 
technology sustainability  
Energy Density: Al–H2+heat, diesel, liq. H2   
• As hydrogen from splitting water: 
    • 1 Kg H2: 142 MJ = 39.4 kWh combustible energy 
    • 1 Kg Al makes 111 g of H2 from 2 Kg of H2O = 4.4 kWh 
    • 1 gal (10 Kg) Al makes 44 kWh as hydrogen 
    • 1 gal. diesel: 37 kWh  
    • 1 gal. liquid hydrogen: 10 kWh  
 
• As heat from splitting water: 
    •  1 Kg Al:  4.4 kWh 
    • Total energy, 1 Kg Al:  8.8 kWh (1Kg coal: 6.7 kWh!) 
• Energy to electrolyze alumina to 1 Kg of Al: 12.9 kWh 
• Total energy efficiency: (8.8/12.9) x 100 =  68%  
• H2 energy efficiency:  (4.4/12.9) x 100 = 34% 
Important facts about making aluminum 
• Bauxite ore mined and dressed to extract alumina  
 
• Alumina is chemically purified to 4-9s purity 
 
• Purified alumina is sized to a powder with a mean 
particle size of 120 micrometers 
• If done by Alcoa in Australia it is shipped to one of their 
nine smelters around the world 
• Batches of Al with customer specified impurities are 
made by electrolysis of high purity alumina 
• Spent Al products are mostly sent to scrap yards 
• Most of this scrap Al metal with impurities is currently 
not recycled because it’s cheaper to purify alumina 
than impure Al!   
 
Technology sustainability & large scale use 
World supply: 
• Al “reserve” in the planet’s crust: about 1013 Kg (as Al); 
1.2 x 1012 Kg of H2 made by splitting water = 5 x 10
16 Whrs 
of H2 energy or 170 quad BTUs!!!, (US annual energy 
consumption: 100 quad BTU  
 
• Current worldwide annual Al production: 32 billion Kg 
from bauxite 
    
• 400 billion Kg of scrap impure elemental Al available for 





brief history and 
technology overview 
The Discovery 
In 1968 we discovered that aluminum (Al) 
dissolved in liquid gallium (Ga) just above room 
temperature would split water into hydrogen (H2) 
and aluminum oxide (alumina) plus heat via the 
reaction: 
2Al + 6H20  -->  3H2 + 2Al(0H)3  + heat 
   
Al pellets dissolving into liquid Ga 
Al in Ga Splitting Water to make Hydrogen! 
Aluminum tri-hydroxide powder on top of liquid Ga 
How does it work? 
• Aluminum loves oxygen 
 
• As a result, a skin of alumina (Al203) forms on air-
exposed pure Al and protects it from further rapid 
oxidation 
 
• If this passivating oxide is disrupted, Al would react 
with water to produce hydrogen 
 
• This can be done slightly above room temperature by 
dissolving Al into liquid gallium (Ga) 
  
• When this liquid alloy contacts water, hydrogen is  
generated via Al in the Ga diffusing to the water-liquid 
metal interface where it splits water into hydrogen, 
alumina; the alumina is no longer protective   
The 1968 water splitting discovery model  
evolution of the alloys 
Al-Ga Phase Diagram 
2.5 wt % Al 
28 wt % Al 
50 wt % Al 
95 wt % Al 
Note: Ga is up to 20 wt% soluble in solid Al 
Ga - In - Sn Ternary Phase Diagram 
Ga,In,Sn liquid 
at the eutecitic 
composition melts 
at 10 C and super- 
cools to -20 C 
 
28 wt.% Al - 72 wt.% Ga 
 95 wt.% Al – 5 wt.% GaInSn  (vendor alloy) 
A sample of Al-GalInSn splitting water 
Complete centrifuge recovery of GalInSn alloy 
Where are we now? 
• "Solid like", bulk Al alloys up to 95 wt% Al, 
containing a dispersed liquid phase with as low as 
5 wt% Ga,In,Sn that can split clean, poluted or salt 
water at temperatures between 0 C and steam 
(>100C) and make H2 on-demand 
• A 98% Al, 3% Sn alloy which when in contact 
with liquid mixture of Ga and Sn splits water 
• The key to this technology is that the Ga  
component must be liquid so it can dissolve Al     
What about gallium and GaInSn? 
• Ga,In and Sn are inert and totally recoverable. 
 
• Experiments have recycled the Ga used in  
  water splitting solid alloys up to 32 times.  
 
• Currently, the 60 ton market for Ga is for electronics 
   with purities between 4 and 7-9s, about $0.60/gm!!!!! 
 
• Our process runs on low purity Ga,In,Sn and low purity  
   Al and tap water/non potable water. 
 
• Our analysis shows that with multiple reuse, a price  
   of the alloy component charge of $0.70/kg can be realized. 
 
• For fuels with <5% Ga there is enough  
  economically recoverable Ga to run 109 cars.  
 
 
2Al(GaInSn) + 6H2O*     3H2 + 2Al(OH)3 + GaInSn 
3H2 + 3/2O2      3H2O; we get back half the water when we use the H2; 
we get rest of the water + the Al back via smelting; the GaInSn is inert 
 
* Including salt water 
2 Al(OH)3 + heat        Al2O3 + 3 H2O + electricity  2 Al 
You can get all the water back as potable! 
WHAT ABOUT THE WATER? 
structure and reaction kinetics 
Backscattered electron photomicrograph of 95-5  
sample shows Ga, In and Sn in the grain boundaries 
So, how does the solid Al rich 
alloy split water? 
Our data supports the following model: 
 
The liquid Ga,In,Sn phase between 
the grains continuously dissolves Al and  
this Al in solution splits water   
Alloy Water 
Legend: 
       =  Aluminum 
       =  Ga-In-Sn 
       =  Oxide/Hydroxide 
       =  Hydrogen gas 
Al-Ga 
grain 
At low temperatures, all phases of the alloy are solid.  One phase is Al-Ga, with high 
wt% Al.  One or more phases exist of mostly Ga-In-Sn with a low wt% of Al.  




At room temperature, the Ga-In-Sn phase(s) liquefy.  Al is able to move freely 
through the liquid phase.  Al near the surface contacts the water interface.  The 
ensuing exothermic reaction produces hydrogen as the Al is oxidized. 
Legend: 
       =  Aluminum 
       =  Ga-In-Sn 
       =  Oxide/Hydroxide 
       =  Hydrogen gas 
The liquid phase near the water interface is depleted of Al.  Al in the bulk of the 






       =  Aluminum 
       =  Ga-In-Sn 
       =  Oxide/Hydroxide 




Reaction continues at the interface, supplied with Al diffusing from the bulk.  The 
overall mole fraction of Al in the liquid phase drops below its equilibrium value. 
Legend: 
       =  Aluminum 
       =  Ga-In-Sn 
       =  Oxide/Hydroxide 




In an attempt to restore equilibrium, Al from the solid phase enters the liquid phase 
as Al is extracted from the liquid phase by the reaction at the water interface.  The 
liquid phase remains depleted of Al at the alloy’s surface. 
Legend: 
       =  Aluminum 
       =  Ga-In-Sn 
       =  Oxide/Hydroxide 




Reaction continues until both phases are devoid of Al, leaving only a Ga-In-Sn 
eutectic. 
Legend: 
       =  Aluminum 
       =  Ga-In-Sn 
       =  Oxide/Hydroxide 
       =  Hydrogen gas 
Reaction Rate Studies of 50 wt% Al Alloy 
example applications 
Scale of possible applications/markets  
• Small: 1-100 mW and 10 W-hrs, e.g. PDAs, laptops, i-
pods, replace batteries, etc. 
 
• Medium:  1-500 kW and 10-10000 kW-hrs, e.g. auxiliary 
power, utility vehicles, cars, boats, fuel enrichment, 
hybrids (replace gasoline with hydrogen), etc.  
 
• Large:  >1000kW and > million kW-hrs, e.g. trains, 
ships, subs, off-grid community power, base load 
peak power demand, storage for wind and solar 
power   
• Replace tank hydrogen with low pressure 
 hydrogen gas on-demand by splitting water 
 (WoodallTech, Inc.)  
Experimental reactor and pressure controller  




95-5 alloy, and 
controls 
H20 
  H2, 4.4 kWh/Kg-alloy 
  24/7 or on demand 




Heat, 4.4 kWh/Kg-alloy 
24/7 or on demand 
Steam Turbine 
alumina,  
Ga,In,Sn + H20 
component separation H20 
Ga,In,Sn recovery 
alumina electrolysis 





e.g. solar or wind 
Enabling Wind or Solar as Base Load 
Electric Power Model Flow Diagram 
Reaction Tank 
 
3 months supply: 1 ton of alloy 
(about 9,000 kWh) 
fresh alloy in 











A fully energized home: run off-the-grid, no fossil fuel, by splitting water with Al alloys  
heat 
CAN BE DONE FOR $1/GAL OF WATER AND $0.34/kWh OF ELECTRICITY 
Cost of total energy vs. # of alloy recycles  
Comparative costs of energy storage materials and devices to 
supply 1 kWh of energy  
  
 Coal: $0.004 
 Natural Gas:  $0.06 
 Al: $0.05 (hydrogen plus heat) using scrap metallic Al  
 Gasoline: $0.09  (at $3.00/gallon) 
 Li ion battery: $4.00 
Energy Source 























• A GLOBAL-SCALE, EARTH-ABUNDANT,  
HIGH ENERGY DENSITY STORAGE      
MATERIAL FOR SPLITTING ANY KIND OF 
WATER TO MAKE HYDROGEN, HEAT AND 
POTABLE WATER ON-DEMAND 
 
• ONCE YOU BUY IT, IT IS YOURS FOREVER; 
UNLIKE FOSSIL FUELS IT STAYS IN THE  
ENERGY SYSTEM.   
THE BOTTOM LINE: 
